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Elucidationofthepathogenesisandeffectivetreatmentofautismspectrumdisordersisoneofthechallenges
today. In this study, we examine hair zinc concentrations for 1,967 children with autistic disorders
(1,553 males and 414 females), and show considerable association with zinc deficiency. Histogram of hair
zinc concentration was non-symmetric with tailing in lower range, and 584 subjects were found to have
lower zinc concentrations than 22 standard deviation level of its reference range (86.3–193 ppm). The
incidence rate of zinc deficiency in infant group aged 0–3 year-old was estimated 43.5 % in male and 52.5 %
in female. The lowest zinc concentration of 10.7 ppm was detected in a 2-year-old boy, corresponding to
about1/12ofthecontrolmeanlevel.Thesefindingssuggestthatinfantilezincdeficiencymayepigenetically
contribute to the pathogenesis of autism and nutritional approach may yield a novel hope for its treatment
and prevention.
A
utism spectrum disorders are a group of neural development disorders characterized by impairments in
reciprocal social interaction and communication, and by the presence of restricted and repetitive beha-
viors
1, affecting 1 in 150 children in developed countries
2. Therefore, the elucidation of the pathogenesis
and effective treatment of autistic disorders is one of the challenges today. Autism spectrum disorders is thought
to be heritable and some related genes have been reported
3,4. However, the underlying genetic determinants are
still unclarified
1 and the interaction of heritable factors with uncertified lifestyle and environmental factors seem
playasignificantroleinthepathogenesis.Forexample,ethyl-mercury,acomponentinvaccineshasbeenclaimed
to be one of the environmental candidates causing autistic disorders
5, but its relationship with autism remains to
be proved scientifically. Recently, epigenetic alteration of gene expression by environmental influences is con-
sidered one of key events in the pathogenesis of genetic diseases
6. And some toxic elements such as cadmium,
arsenic and mercury, and also essential mineral deficiencies have been reported to be candidate factors that
induce epigenetic disorders
7–9.
Recent great advances in high-sensitive and reliable trace element analysis method using inductively coupled
plasma massspectrometry (ICP-MS)haveenabledittobeapplied forestimatingchronic toxicmetal burdenand
essential mineral deficiency in human body, showing that human blood mineral concentrations reflect to their
levelsinhairornailspecimen
10,11.Thus,clinicalmetallomicsstudieswithreliableICP-MSmethodhavebeentried
forinvestigatingsomeassociationofseveraldiseasesandsymptomswiththedynamicsoftracebio-elementssuch
as toxic metals and essential minerals
12–18.
The importance of zinc in human nutrition and health has been recognized since the early 1960s. For
assessment of zinc nutritional status, the use of serum zinc alone is subject to limitations because its level seems
be influenced by factors other than dietary zinc intake; for example, hypoalbuminemia, infection, acute stress,
pregnancy and use of oral contraceptive agents can lower serum zinc values
19. In addition, serum zinc levels are
subject to diurnal variation and influenced by the fasting status of the subjects.
For the last five years, we have examined on the association of toxic metal burden with autistic disorders, and
reportedthatsomepartsofthechildrenwithautismhavesufferedfromhighaccumulationoftoxicmetalssuchas
cadmium, lead or aluminium more than mercury
20–22.
In this preliminary study, we have determined human scalp hair zinc concentrations for 1,967 children
diagnosed with autistic spectrum disorders by their physicians, and showed that many of them, especially in
the infant group aged 0–3 year-old, are suffering from zinc deficiency.
Results
The histogram of logarithmic hair zinc concentrations for 1,967 children diagnosed with autism by their phy-
sicians is shown in Figure 1. The distribution of the logarithmic zinc concentration was non-symmetric with
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SCIENTIFIC REPORTS | 1 : 129 | DOI: 10.1038/srep00129 1tailing in lower range, and 584 in 1,967 subjects (29.7 %) were found
to have low zinc concentration less than 22 S.D. (standard devi-
ation) level of the control reference range (86.3–193 micro g/g hair
(ppm); geometric mean 5 129 ppm), estimated as zinc deficiency.
Thelogarithmiczincconcentrationsintheautisticsubjectsshoweda
significant correlation with age (r 5 0.367, p , 0.0001), with a
plateau at over 10 year-old (Fig. 2). The only one 0 year-old case in
1,967 subjects was 11 month-old female with no zinc deficiency
(Fig. 2) and may be a suspect, because she was found to suffer from
high burdens with aluminium, lead, iron and copper (data not
shown).Theminimumzincconcentrationof10.7 ppmwasobserved
ina2-year-oldboy,correspondingtoabout1/12ofthecontrolmean
level. The geometric mean zinc concentration was lowest in the age
group of 0–3 year-old in both sexes (Table 1). The incidence rate of
zinc deficiency in the age group of 0–3 and 4–9 year-old was esti-
mated 43.5 and 28.1 % in male, and 52.5 and 28.7 % in female,
respectively (Table 2). In the group aged 10–15 year-old, the zinc
deficiency rate in male and female was calculated 3.3 and 3.5 %,
respectively. There was little marked gender difference observed in
scalp hair zinc concentration and incidence rate of zinc deficiency in
the subjects with autism.
Discussion
Zincisanessentialtraceelementthatplaysimportantrolesinnucleic
acid/protein synthesis, cell replication, tissue growth and repair,
especiallyinpregnantwomenandinfants.Therefore,zincdeficiency
is known associated with various pathological conditions, including
impairedimmunity,delayedwoundhealing,retardedgrowth,neural
development disorders and degenerative diseases
23,24.
Hair zinc is commonly used in marginal zinc deficiency studies of
children,anditsusefulnesshasbeendocumented inmanyindustria-
lized countries including Canada and the USA
25–29. In the present
study, we determined zinc concentration in scalp hair samples from
1,967 subjects (1,553 males and 414 females) diagnosed with autism
by physicians, and investigated any association of zinc deficiency
with autistic spectrum disorders.
The control zinc reference range for healthy subjects published by
ourselves
17,18 was almost consistent with those reported by other
Figure 1 | Histogram of logarithmic zinc concentration in autistic
children (N 5 1,967). The histogram of scalp hair zinc concentrations for
1,967 children (1,553 males and 414 females) aged 0–15 year-old is shown
in the logarithm. The numbers on the abscissa indicate the logarithms of
scalp hair zinc concentrations (ng/g hair: ppb). The height of each
rectangle represents the frequency in the class interval in logarithmic hair
zinc level. The dotted vertical line represents the 22S.D. (standard
deviation) level of the control reference range of hair zinc concentrations.
Figure 2 | Age related increase in zinc concentration in autistic children.
The association of hair logarithmic zinc concentration with age in autistic
children(N51,967)isshown.Eachspotrepresentsthecorrespondingage
and logarithmic zinc concentration of the respective child. A significant
association of the zinc concentration with age (r 5 0.367, p , 0.0001) in
the autistic children is shown.
Table 1 | Geometric mean zinc concentrations in autistic children
Gender Age No. Mean Zn Level
Male 0–3 year–old N5577 87
4–9 year–old N5736 100
10–15 year–old N5240 124
Female 0–3 year–old N5118 81
4–9 year–old N5181 104
10–15 year–old N5115 131
Thegeometricmeanzincconcentrations(ppm)intheagegroupsof0–3,4–9and10–15year-old
in 1,967 autistic children (1,553 males and 414 females) are tabled.
Table 2 | Incidence rate of zinc deficiency in autistic children
Gender Age No.
Number of
Cases with Zn
Deficiency
Rate
(%) of Zn
Deficiency
Male 0–3 year–old N5577 251 43.5
4–9 year–old N5736 207 28.1
10–15 year–old N5240 8 3.3
Female 0–3 year–old N5118 62 52.5
4–9 year–old N5181 52 28.7
10–15 year–old N5115 4 3.5
The number and incidence rate of the individuals with zinc deficiency in 1,967 autistic children
(1,553 males and 414 females) are tabled.
www.nature.com/scientificreports
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10–12 and those for nutritionally-controlled children
reported by Munakata et al.
13 and Vancouver preschoolers aged
2–5 year-old (N 5 719) by Vaghri et al.
28,29. Based on these findings,
the normal human hair zinc level was estimated to be around
130 ppm independently age and sex, although it was relatively low
during childhood
19,28 (Fig. 2) and infants seem liable to fall into zinc
deficiency because of their higher necessity of zinc for developing
and growing. Thus, the lower zinc levels for control children
reported by Adams et al.
15, Munakata et al.
13 and ourselves
14 should
be re-considered as non-normal control values including non-
healthy, affected zinc levels, as Adams themselves recently reviewed
that the 11% participants in the neurotypical control children
group were medicated with drugs such as anti-asthma/allergies or
anti-incontinence
30.
The histogram of logarithmic hair zinc concentration in the 1,967
autistic children showed a non-symmetric profile with a marked
tailing in lower range, indicating that about 30 % of the subjects
with autism have low zinc concentrations less than 22 S.D. level
(, 86.3 ppm) of the control reference range, being estimated as
marginalzincdeficiency (Fig.1).Inparticular, nearly onehalf(male:
43.5 %; female: 52.5 %) of the autistic infants aged 0–3 year-old were
found to suffer from marginal to severe zinc deficiency (Table 2).
A significant correlation (r 5 0.367, p , 0.0001) of the zinc con-
centration with age in the autistic subjects (Fig. 2) suggests that
children, in particular infants, need larger amount of zinc (per kg
bodyweight)fortheirdevelopmentandgrowthandsotheyareliable
tozinc deficiency. Infact, the minimum zinc concentration as low as
10.7 ppm corresponding to about 1/12 of the control level was
observed in a 2-year-old boy (Fig. 2), and the lowest mean concen-
tration level was observed in the infant group aged 0–3 year-old in
bothsexes(male:87 ppm;female:81 ppm)(Table1).Thesefindings
indicatethataconsiderablenumberofautisticchildren,inparticular
infants,aresufferedfrommarginaltoseverezincdeficiency,suggest-
ing that infantile zinc deficiency may play a role in the neural
development disorders and pathogenesis of autism spectrum disor-
ders, and zinc supplementation may be useful for treatment and
prevention of some patients with autistic disorders and suspects.
The incidence rate of zinc deficiency in the age group of 4–9 and
10–15 year-old was estimated 28.1 and 3.3 % in male, and 28.7 and
3.5 % in female subjects, respectively, indicating that there is little
gender difference in zinc deficiency rate in the autistic subjects. It
remainstobeexplainedwhytheeldersubjectsover10-year-oldhave
normal zinc concentration, although this is maybe explained by the
possibility that the young adolescents have better metal-protein
functioning and utilize dietary zinc more efficiently and effectively.
There were some studies reporting lower serum zinc levels in
children with attention deficit hyperactivity disorder (ADHD)
in developing countries
24,31. Recently, zinc deficiency has been
remarked in not only developing but also developed countries, due
to imbalanced intake of trace nutrients and dieting
32,33. Faber et al.
34
reported that the mean plasma Zn/Cu ratio in children with autistic
disorder was below the cut-off value of the lowest 2.5 % of healthy
children, suggesting that plasma zinc/copper ratio may be a bio-
marker of heavy metal toxicity in children with autism spectrum
disorders. Other clinical studies reported that mean serum zinc
levels were significantly lower in both autism and ADHD groups,
and that serum zinc level correlated inversely with parent- and
teacher-rated inattention in ADHD children
33. Furthermore, zinc
treatment was reported significantly superior to placebo in reducing
symptomsofhyperactivity,impulsivityandimpairedsocializationin
ADHD patients
35,36. The other human study showed that many
children with ADHD have lower zinc concentration in comparison
to healthy children, and zinc supplement as an adjunct to methyl-
phenidatehasfavourableeffects inthetreatmentof ADHDchildren,
pointing to the possible association of zinc deficiency and ADHD
pathophysiology
37.
The cellular zinc homeostasis is mediated bytwotransporterfam-
ilies:the zinc-importer (Zip)familythat transportzincinto thecyto-
sol,andthezinctransporter(ZnT)familytransportingzincoutofthe
cytosol
38. The severe zinc deficiency in a rare inherited human dis-
ease‘‘acrodermatitisenteropathica’’isreportedtoresultfromdefect-
iveintestinal absorption ofzinc bymutationsinthe Zip4transporter
located on intestinal duct
39,40. Autistic children have often been
reported to have gastrointestinal problems of intestinal mal-absorp-
tion of nutrients
41, named ‘‘leaky gut syndrome’’ which may lead to
zinc deficiency, and zinc deficiency itself may further lead to
gut syndrome resulting from over-consumption of fructose
42.
Furthermore, many of the autistic children are also suffered from
allergic disorders that are known to relate to zinc deficiency. Thus,
these findings suggest that infantile zinc deficiency may be also
responsible for the pathogenesis of various symptoms observed in
the children with autistic spectrum disorders.
Recently, dietary restriction-induced zinc deficiency has been
reported to up-regulate intestinal zinc-importer (Zip4) and induce
the increase in Zip4 protein located to the plasma membrane of
enterocytes
43. This adoptive response to zinc deficiency is known
to lead to increasing in the risk of high-uptake of toxic metals such
as cadmium and lead. Thus, infants with zinc deficiency are liable to
beexposedtoincreasedriskofabsorbinghighamountoftoxicmetals
and retaining them in their body. These findings suggest that the
increased risk of toxic metal burdens attendant on the infantile zinc
deficiency may also contribute to the pathogenesis of autistic spec-
trum disorders.
The mechanisms of zinc deficiency in autistic infants and ADHD
childrenmaybeexplainedbytheirunbalancednutritionalintakeand
lower absorption ability in intestinal duct
41,44. In addition, maternal
cigarette smoking has been reported to be associated with lower
zinc and higher cadmium and lead concentrations in their neo-
nates
45. Because of their high distribution property to bone tissue,
during pregnancy and lactation, these toxic metals accumulated
in the maternal bone matrix are co-transferred with calcium
and magnesium to foetal and newborn bodies through increased
bone-resorption
45–47.
Kern et al.
48 reported that arsenic, cadmium and lead were sig-
nificantly lower in the hair of children with autism than in matched
controls,andthepatientshavetroubleexcretingthesetoxicelements.
We also reported that not only toxic but also some essential metals
are significantly lower in autistic children
13, suggesting that the
patients with zinc deficiency have a low excretion ability of toxic
metals and result in a higher body burden with them. Eklund and
Oskarsson
49 reported that soy-based formulas contain approxi-
mately six times more cadmium than cow’s milk formulas, and
cereal-based formulas have 4–21 times higher levels. Thus, the diet-
ary intake of cadmium may be higher in the children feeding on
infant formulas and weaning foods, compared to breast milk-fed
infants.
In conclusion, this preliminary study shows that many of infants
withautisticspectrumdisordershavebeensufferedfrommarginalto
severe zinc deficiency. This finding suggests that infantile zinc defi-
ciency and attendant toxic metal accumulation may play principal
roles in the pathogenesis of autism, in particular, through their epi-
genetic modifications. Furthermore, these findings suggest the pos-
sibility that some of autistic children and suspects may be improved
by nutritional approach supplementing deficient nutrients such as
zinc, on the basis of evidence data, although zinc supplementation
should be applied for infantile patients rather than elder group over
10-year-old. This evidence-based nutritional approach may yield a
novel pathway into prevention and treatment of the children with
autism spectrum disorders in near future. Controlled studies for this
nutritional approach are desirable to establish the principal roles of
infantile zinc deficiency and toxic metal burdens in the neural
development disorders and pathogenesis of autism.
www.nature.com/scientificreports
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Sampling and zinc analysis. On the basis of informed consent, scalp hair samples
from 1,967 (male: 1,553; female: 414) subjects aged 0–15 years were collected in the
period from June 2005 to September 2007, although 0 year-old subject was only one
(11month-oldfemale).Thesesubjectswerecomprisedofthechildrendiagnosedwith
autistic spectrum disorders by their physicians. Hair sampling was recommended to
cut as close to the scalp of the occipital area as possible.
Hairsampleof75 mgwasweighedinto50mlplastictube,andwashedwithacetone
and then with 0.01% Triton solution, in accordance with the procedures recom-
mended by the Hair Analysis Standardization Board. The washed hair sample was
mixed with 10 ml 6.25% tetra methyl ammonium hydroxide (TMAH, Tama
Chemical, Kawasaki, Japan) and 50 micro-L 0.1% gold solution (SPEX Certi Prep,
Metuchen, NJ, USA), and then dissolved at 75 uC with shaking for 2 hours. After
cooling the solution to room temperature, internal standard solution was added, and
after adjusting its volume gravimetric, the obtained solution was used for zinc ana-
lysis.Thezincconcentrationsweredeterminedwithinductivelycoupledplasmamass
spectrometry (ICP-MS; 7500ce, Agilent Technologies, Santa Clara, CA, USA) by the
internal standard method and expressed as ng/g hair (ppb) or micro-g/g (ppm)
17,18.
The method detection limit for zinc determination was 12 ng/g hair (ppb), and
humanhaircertifiedreferencematerial(NIESCRMNo. 13)wasusedtocheckforthe
accuracy of analysis. The inter-daily variation of zinc determination was calculated
2.2%.Thecontrolzincreferencerangeof86.3–193 ppm,itsgeometricmean62S.D.
level, obtained from the data for healthy 436 male subjects aged 21–40 year-old was
close to that for healthy female adults, as previously reported
17,18,50, furthermore
almost consisting with those reported by the other research groups
10–12. This control
zincreferencerangewasalsoalmostconsistentwiththosefornutritionallycontrolled
children
13 and for the Vancouver preschoolers aged 2–5 year-old (N 5 719)
28, but
somewhat different from the age-matched reference data for neurotypical control
children in which the 11 % participants had been medicated as reviewed by Adams
30.
This study has been approved by review of the ethical committee of La Belle Vie
research laboratory. All of the data obtained are held securely in such a form as to
ensure anonymity.
Statistical analysis. Because scalp hair mineral concentration is log-normally
distributed, the zinc concentration was converted to logarithm, and the geometric
rather than arithmeticmean wasused as representative of its hair concentration. The
relation between age and zinc concentrations of the subjects was examined by
Pearson’s correlation coefficient test.
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